Abstract Previous studies have shown that interference effects in the flanker task are reduced when physical barriers (e.g., hands) are placed around rather than below a target flanked by distractors. One explanation of this finding is the referential coding hypothesis, whereby the barriers serve as reference objects for allocating attention. In five experiments, the generality of the referential coding hypothesis was tested by investigating whether interference effects are modulated by the placement of virtual barriers (e.g., parentheses). Modulation of flanker interference was found only when target and distractors differed in size and the virtual barriers were beveled wood-grain objects. Under these conditions and those of previous studies, the author conjectures that an impression of depth was produced when the barriers were around the target, such that the target was perceived to be on a different depth plane than the distractors. Perception of depth in the stimulus display might have led to referential coding of the stimuli in three-dimensional (3-D) space, influencing the allocation of attention beyond the horizontal and vertical dimensions. This 3-D referential coding hypothesis is consistent with research on selective attention in 3-D space that shows flanker interference is reduced when target and distractors are separated in depth.
respects. First, they found that interference effects were reduced regardless of whether the stimuli inside or outside of hand space were designated as the targets, indicating that the space between the hands was not privileged. Second, they found similar modulation of interference effects when wooden blocks were used instead of hands (cf. Davoli & Brockmole, 2012) , suggesting that physical barriers besides hands can influence selective attention. In follow-up work, Murchison and Proctor (2016) extended these results to outward-facing hands and wooden blocks. These findings challenged the hand space hypothesis and were interpreted as evidence for a referential coding hypothesis, whereby physical barriers (hands or wooden blocks) serve as reference objects for allocating visual attention to targets occurring inside or outside of the barriers. This idea is consistent with studies showing that other types of compatibility effects can be understood in terms of referential coding (e.g., Hommel, 1993) .
The purpose of the present study was to test the generality of the referential coding hypothesis. If the critical feature of the physical barriers used previously was that they were reference objects for differentially allocating attention to targets and distractors, then similar modulation of flanker interference should be possible with nonphysical barriers that can also serve as reference objects. To investigate this idea, I conducted five experiments in which virtual barriers (e.g., parentheses) appeared onscreen around or below the target in a flanker task, analogous to barrier placement manipulations in previous studies.
Experiments 1 and 2
Subjects performed the letter version of the flanker task used in previous studies (Davoli & Brockmole, 2012; Murchison & Proctor, 2015 . The task was to identify a central target letter flanked by compatible, incompatible, or neutral distractor letters. A key manipulation was the placement of virtual barriers (parentheses) either around or below the target (see Fig. 1 ). If the referential coding hypothesis generalizes beyond physical barriers, then one would predict smaller interference effects in the barriers-around condition than in the barriers-below condition. The only difference between experiments was whether a fixation cross appeared at the target location prior to stimulus onset, replicating conditions examined by Murchison and Proctor (2015) .
Method
Subjects A total of 96 students (48 per experiment) from Purdue University participated for course credit.
1 All subjects in the present study reported having normal or corrected-tonormal vision.
Apparatus The experiments were conducted on computers that displayed stimuli on a black background (0.19 cd/m 2 ) on 21.5-in. LED monitors and registered responses from Chronos response devices (Psychology Software Tools, Inc.). Responses involved pressing the leftmost and rightmost buttons on the response device with the left and right index fingers, respectively. Viewing distance was uncontrolled but approximately 50 cm.
Task and stimuli
The task was to identify a central target letter that was flanked on the left and the right by a distractor letter. The target letters were H and S, which were assigned to left and right button responses, respectively (mappings were counterbalanced across subjects). The distractor letters were H, S, and X, the last of which had no assigned response. Compatibility was coded by whether the distractors were associated with the same response as the target (compatible; HHH or SSS), the alternative response (incompatible; SHS or HSH), or no response (neutral; XHX or XSX). Letters appeared in white 18-point Arial font (142.6 cd/m 2 ) and were approximately 0.3 cm wide × 0.4 cm high; adjacent letters had centerto-center separation of 0.9 cm. The barrier stimuli were parentheses in white 24-point Arial font; each parenthesis was 0.2 cm × 0.7 cm, and the outer edges of the parentheses were 1.1 cm apart. Barrier placement was manipulated as shown in Fig. 1 . In the barriers-around condition, the parentheses were centered around the target, separating it from the distractors. In the barriers-below condition, the parentheses were 2.5 cm (center-to-center separation) below the target.
Procedure Subjects were tested individually after giving informed consent for a study protocol approved by the Purdue University Institutional Review Board. Instructions about the task, stimuli, and responses were presented onscreen and read
H S S ( ) H S S ( )

Barriers Around
Barriers Below Figure 1 Examples of stimuli and barrier placement for incompatible stimulus displays in Experiments 1 and 2. Stimuli were presented in white on a black background 1 A power analysis indicated 48 subjects would provide 98% power to detect the mean effect size of η p 2 = .08 for the interaction between barrier placement and compatibility found in previous experiments involving within-subjects manipulations of barrier placement (Davoli & Brockmole, 2012; Murchison & Proctor, 2015) .
aloud by the experimenter. Subjects were informed that parentheses would be displayed either around or below the central letter on each trial, but that the parentheses could be ignored. During the instructional phase, subjects did 12 practice trials (two for each possible combination of letter stimuli) with trialwise accuracy feedback but without any barriers present. During the experimental phase, they did six blocks of 48 trials per block without accuracy feedback. The first three blocks involved the barriers-around condition, and the last three blocks involved the barriers-below condition (condition order was counterbalanced across subjects). Each block consisted of all possible combinations of letter stimuli presented equally often every 24 trials in random order, which meant that all trial types (compatible, incompatible, and neutral) occurred equally often.
In Experiment 1 (fixation absent), each trial started with the simultaneous onset of all elements of the stimulus display (letters and barriers). This display remained onscreen until the subject responded, then the letters were removed (the barriers stayed visible), and the next trial commenced after a 1,000-ms response-stimulus interval. In Experiment 2 (fixation present), each trial started with a white fixation cross at the forthcoming target location for 500 ms. The remaining trial events were the same as in Experiment 1, except the postresponse interval during which only the barriers were visible was 500 ms, thereby maintaining a 1,000-ms responsestimulus interval. Subjects were instructed to respond quickly and accurately.
Results
Trials with RTs more than three standard deviations above the mean in each condition for a given subject were excluded (1.9% and 1.7% of trials in Experiments 1 and 2, respectively). Error trials were excluded from the RT analyses. Mean correct RTs and error rates are summarized in Table 1 . The data were submitted to 2 (barrier placement: around or below) × 3 (compatibility: compatible, incompatible, or neutral) repeated-measures analyses of variance (ANOVAs), the results of which are summarized in Table 2 .
Significant compatibility effects were partitioned into interference and facilitation components by using performance on neutral trials as a baseline. Interference effects were calculated as performance differences between incompatible and neutral trials (positive numbers indicate costs for incompatible trials), and facilitation effects were calculated as performance differences between compatible and neutral trials (negative numbers indicate benefits for compatible trials). Contrasts were conducted to assess interference and facilitation effects. Bayes factor analyses using scaled JZS Bayes factors with r = 1 (Rouder, Speckman, Sun, Morey, & Iverson, 2009 ) were conducted to quantify the evidence for or against differences in interference or facilitation effects as a function of barrier placement.
Significant main effects of compatibility on RTs were obtained in both experiments; no other effects were significant (see Table 2 ). In Experiment 1, the compatibility effect reflected a significant interference effect of 21 ms, t(47) = 7.20, p < .001, d = 1.04, and a nonsignificant facilitation effect of 1 ms, t(47) = 0.21, p = .83. As shown in the top-left panel of Fig. 2 , interference effects were similar in the barriers-around and barriers-below conditions (19 ms and 24 ms, respectively), and a Bayes factor analysis indicated that no difference in interference effects between conditions was 6.13 times more likely than was a difference.
In Experiment 2, the compatibility effect reflected a significant interference effect of 17 ms, t(47) = 6.02, p < .001, d = 0.87, and a nonsignificant facilitation effect of −5 ms, t(47) = 1.72, p = .09. As shown in the top-right panel of Fig. 2 , interference effects were similar in the barriers-around and barriers-below conditions (18 ms and 15 ms, respectively), and a Bayes factor analysis indicated that no difference in interference effects between conditions was 6.06 times more likely than was a difference.
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Discussion
Both experiments yielded robust compatibility effects that were mostly due to flanker interference rather than to facilitation. However, interference effects were not modulated by virtual barrier placement (see Fig. 2 ), regardless of whether a fixation cross appeared at the target location prior to stimulus onset. Before concluding that the referential coding hypothesis might not generalize beyond physical barriers, I report additional experiments addressing potential methodological issues.
Experiments 3-5
Flanker interference decreases as targets and flankers are spaced farther apart (Eriksen & Eriksen, 1974; Miller, 1991) . To ensure sizable interference effects would be found, stimuli were small and their spacing was narrow in Experiments 1 and 2. However, this could have constrained visual attention to such a small area that the virtual barriers were not used as reference objects for allocating attention. Note that the stimuli were larger-with the distractors larger than the targets-and spaced farther apart in previous studies to accommodate physical barriers (Davoli & Brockmole, 2012; Murchison & Proctor, 2015 . The physical barriers were also perceptually distinct from the stimuli, in contrast with the virtual barriers being in the same white font as the letter stimuli in Experiments 1 and 2. To address these methodological differences, I replicated Experiment 1 using large stimuli spaced far apart, with (Experiments 3 and 4) or without (Experiment 5) the distractors being larger than the targets. In addition, I used more salient virtual barriers (see Fig. 3 ): green parentheses (Experiment 3) or beveled wood-grain objects (Experiments 4 and 5).
Method
Subjects A total of 144 students (48 per experiment) from Purdue University participated for course credit. None of them had participated in Experiments 1 or 2.
Apparatus The apparatus was identical to that used in Experiments 1 and 2.
Task and stimuli These methodological details were identical to those of Experiments 1 and 2, except letter stimuli were larger and different barrier stimuli were used. Distractor letters appeared in white 160-point Arial font and were approximately 3.0 cm × 3.8 cm. Target letters in Experiments 3 and 4 appeared in white 72-point Arial font and were approximately 1.3 cm × 1.7 cm, whereas target letters in Experiment 5 were the same size as distractor letters. Adjacent letters had centerto-center separation of 7.7 cm. Letter widths and separation in Experiments 3 and 4 matched the measurements reported by Davoli and Brockmole (2012) . The barrier stimuli are shown in Fig. 3 . In Experiment 3, the barriers were parentheses in bright green 360-point Arial font (103.8 cd/m 2 ); each Note. Standard errors of the means appear in parentheses parenthesis was 2.8 cm × 11.2 cm, and the outer edges of the parentheses were 8.4 cm apart. In Experiments 4 and 5, the barriers were curved objects with beveled edges and a woodgrain texture (averaging 42.9 cd/m 2 ); they had similar dimensions but slightly different curvatures than the parentheses used in Experiment 3. To accommodate the larger barriers on the screen (which still had a black background), letter stimuli appeared in the top half of the screen. In the barriersaround condition, the barriers were centered around the target, separating it from the distractors. In the barriers-below Figure 3 Barrier stimuli used in Experiments 3-5. Stimuli were presented on a black background condition, the barriers were 12.5 cm (center-to-center separation) below the target but fully visible onscreen.
Procedure The procedure was identical to that of Experiment 1, except the instructions for Experiments 4 and 5 referenced Bcurved wooden objects^rather than parentheses.
Results
Data trimming was identical to that of Experiments 1 and 2 (2.0%, 1.9%, and 1.9% of trials in Experiments 3, 4, and 5, respectively, were excluded as RT outliers). Mean correct RTs and error rates are summarized in Table 1 . The data were submitted to 2 (barrier placement: around or below) × 3 (compatibility: compatible, incompatible, or neutral) repeatedmeasures ANOVAs, the results of which are summarized in Table 2 . Significant main effects of compatibility on RTs were obtained in all experiments (see Table 2 ). In Experiment 3, the compatibility effect reflected a significant interference effect of 12 ms, t(47) = 6.64, p < .001, d = 0.96, and a significant facilitation effect of −6 ms, t(47) = 2.42, p = .02, d = 0.35. As shown in the bottom-left panel of Fig. 2 , effects were similar in the barriers-around and barriers-below conditions (interference effects: 10 ms and 14 ms; facilitation effects: −7 ms and −5 ms), and Bayes factor analyses indicated that no differences in interference and facilitation effects between conditions were respectively 7.55 and 8.58 times more likely than were differences.
In Experiment 4, the compatibility effect reflected a significant interference effect of 11 ms, t(47) = 4.90, p < .001, d = 0.71, and a nonsignificant facilitation effect of −3 ms, t(47) = 1.39, p = .17. The main effect of barrier placement and the interaction between barrier placement and compatibility were also significant (see Table 2 ). The barrier placement effect reflected shorter RTs in the barriers-around condition (385 ms) than in the barriers-below condition (396 ms). The interaction is depicted in the bottom-middle panel of Fig. 2 . The interference effect was smaller in the barriers-around condition (5 ms) than in the barriers-below condition (17 ms), and a Bayes factor analysis indicated that a difference in interference effects between conditions was 9.44 times more likely than was no difference. Numerically, the facilitation effect was more pronounced in the barriers-around condition (−10 ms) than in the barriers-below condition (4 ms), but a Bayes factor analysis indicated that a difference in facilitation effects between conditions was only 1.26 times more likely than was no difference. Thus, the interaction was driven by the difference in interference effects.
In Experiment 5, the compatibility effect reflected a significant interference effect of 10 ms, t(47) = 2.87, p = .006, d = 0.41, and a significant facilitation effect of −5 ms, t(47) = 2.13, p = .04, d = 0.31. As shown in the bottom-right panel of Fig. 2 , effects were similar in the barriers-around and barriers-below conditions (interference effects: 9 ms and 11 ms; facilitation effects: −4 ms and −5 ms), and Bayes factor analyses indicated that no differences in interference and facilitation effects between conditions were respectively 6.61 and 8.32 times more likely than were differences.
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Discussion
Robust compatibility effects (mostly reflecting interference) were obtained with large stimuli spaced far apart, replicating the previous experiments involving small stimuli spaced close together. Interference effects were not modulated by the placement of green parentheses for different-sized targets and distractors in Experiment 3, or by the placement of beveled wood-grain objects for equal-sized targets and distractors in Experiment 5. However, interference effects were reliably modulated by the placement of beveled wood-grain objects for different-sized targets and distractors in Experiment 4, similar to the effects of physical barriers in previous studies. A possible explanation for the present data is offered in the next section.
General discussion
I conducted five experiments to test the generality of the referential coding hypothesis for why flanker interference was modulated by physical barrier placement in previous studies (Davoli & Brockmole, 2012; Murchison & Proctor, 2015 . Virtual barriers were placed around or below the central target in a flanker task, but modulation of interference effects occurred only in Experiment 4, which involved large stimuli-with the distractors larger than the targets-and beveled wood-grain objects as virtual barriers. These results challenge the hand space hypothesis and suggest that the referential coding hypothesis generalizes beyond physical barriers under specific conditions. In this section, I propose a variant of the referential coding hypothesis to account for the present and previous data.
A feature of the virtual barriers in Experiments 4 and 5 is that their beveled edges and wood-grain texture suggested a three-dimensional (3-D) appearance, which may have induced subjects to perceive depth in the stimulus display. To improve perception of the peripheral flankers under wider stimulus spacing, the distractors were larger than the target in Experiments 3 and 4 (following Davoli & Brockmole, 2012; Murchison & Proctor, 2015 . Relative size is a wellknown pictorial depth cue, such that for two similar objects (letters in the present context), the one casting a smaller image on the retina is perceived as farther away (Palmer, 1999) . I conjecture that the combination of these elements-3-D virtual barriers separating the letter stimuli and the relative size difference between target and distractor letters-in the barriers-around condition in Experiment 4 was sufficient to convey the impression that the target was on a different (more distant) depth plane than the flanking distractors. I hypothesize that perception of depth in the stimulus display might have led to referential coding of the stimuli in 3-D space, influencing the allocation of attention beyond the horizontal and vertical dimensions. This 3-D referential coding hypothesis, which can be considered a variant of the original referential coding hypothesis (Murchison & Proctor, 2015 , also applies to previous studies in which physical barriers were 3-D elements of the display context and the stimuli differed in size.
The 3-D referential coding hypothesis can explain why flanker interference is modulated by 3-D barrier placement based on previous research concerning visual selective attention in 3-D space. Using stereoscopic displays, Andersen and Kramer (1993;  see also Andersen, 1990) showed that flanker interference effects decrease with greater separation between target and distractors not only along the horizontal and vertical dimensions, but also in depth (see also Kooi, Toet, Tripathy, & Levi, 1994) . In the present context, if the target and distractors are perceived on different depth planes in the barriers-around condition, then one would expect smaller interference effects relative to the barriers-below condition, in which all letters might be perceived on the same depth plane because the 3-D barriers are far from the letters and relative size alone might be an insufficient depth cue.
Indeed, the collective results of Experiments 3-5 suggest that multiple depth cues are needed to produce a strong enough impression of depth in the absence of physical barriers. The lack of modulation of flanker interference in Experiments 3 (with 2-D barriers for different-sized targets and distractors) and 5 (with 3-D barriers for equal-sized targets and distractors) suggests that a single depth cue-either 3-D barriers or relative size-is insufficient. The modulation of flanker interference in Experiment 4 (with 3-D barriers for different-sized targets and distractors) suggests that the two depth cues in combination are sufficient. These suggestions are consistent with research showing that more depth is perceived with more cues (Bruno & Cutting, 1988) .
The 3-D referential coding hypothesis represents a novel extension to the referential coding hypothesis of Proctor (2015, 2016) and an alternative to the hand space hypothesis of Davoli and Brockmole (2012) in accounting for the modulation of flanker interference by physical barrier placement. It is the first account to highlight a possible link between depth perception and attentional allocation in flanker tasks involving barriers. Further research directed toward understanding the generality of referential coding in related situations will likely provide deeper insight regarding contextual effects on visual selective attention.
